W hen soybean is infected with an eff ective Bradyrhizobium japonicum strain, symbiotic N 2 fi xation results in H + release into the rhizosphere and a reducing environment in the root nodule (Gibson, 1980) . When fertilizer N (NO 3 − ) is added, nodulation and N 2 fi xation are reduced (Gibson and Harper, 1985; Herridge and Brockwell, 1988; Wiersma and Orf, 1992) and rhizosphere pH and [ OH − ] increase (Assmakopoulou, 2006; Jimenez et al., 2007; Zhao and Ling, 2007 and references therein) . Even though Fe defi ciency oft en can be asymptomatic when soybean is grown in Fe chlorosis-prone soils, Fe stress response mechanisms are turned on and off as needed to maintain adequate Fe concentrations. Th ese response mechanisms are chemically reducing processes that occur within the root and generally include: (i) release of H + from roots; (ii) exudation of reductants; (iii) increased reduction of Fe 3+ to Fe 2+ at the root plasmalemma; and (iv) accumulation of organic acids (primarily citrate) in the roots (Aktas and van Egmond,1979; Terry and Jolley, 1994) . Th us, Fe-stress responses and symbiotic N 2 fi xation occur in the root and both are biochemically reducing processes, whereas adding fertilizer N (NO 3 − ) increases rhizosphere pH and can exacerbate Fe defi ciency (Matocha and Coyne, 2007; Zhao and Ling, 2007) .
Th ese processes interact to the extent that signifi cantly larger responses (more H + and reductant, less OH − excretion) to Fe defi ciency occur with nodulated compared to nonnodulated soybean (Terry et al., 1991) . Iron-effi cient varieties activate Fe-stress response mechanisms whether nodulated or not, albeit larger responses are reported for nodulated plants. Ironineffi cient varieties activate Fe-stress mechanisms only when well-nodulated and actively fi xing N 2 . Soerensen et al. (1988) concluded that although Fe-stress response mechanisms have little infl uence on N 2 fi xation, nitrogenase activity strongly enhances Fe-stress response mechanisms in both Fe-effi cient and Fe-ineffi cient soybean. On the other hand, Aktas and van Egmond (1979) observed a negative response (less H + and reductant, more OH − excretion) to increasing NO 3 − concentrations with an Fe-ineffi cient cultivar, but not with an Fe-effi cient cultivar when both cultivars were nonnodulated. Brown et al. (1972) summarized much of the early research describing the response of Fe-effi cient plants to Fe stress, research based almost exclusively on greenhouse and solution culture experiments done with genotypes representing the extremes (highly effi cient and highly ineffi cient) in Fe efficiency. Similarly, Aktas and van Egmond (1979) and Terry and Jolley (1994) emphasized that the level of Fe-stress response in soybean results from a combination of: (i) the Fe effi ciency of the variety; (ii) the degree of nodulation and activity of N 2 fi xation; (iii) the presence of N 2 fi xation inhibitors, such as available NO 3 − ; and (iv) the eff ectiveness of the inoculating strain of Bradyrhizobium japonicum. It is also known that under Fe-limiting conditions, certain Bradyrhizobium strains secrete siderophores (Fe-specifi c ligands) to facilitate chelation and transport of Fe. One of these strains, strain 61A152, was included in some of our earlier research in northwest Minnesota (Wiersma and Orf, 1992) and found to generally outperform most other strains when soybean was grown on chlorosis-prone soils. Th e Fe-chelating compound secreted by 61A152 was determined to be citric acid (Guerinot et al., 1990) .
Although much of the research mentioned has been done with soybean grown in solution culture and/or with glasshouse facilities, the results commonly are extrapolated to fi eld conditions. Yet, there has been little evidence reported from fi eld trials done on chlorosis-prone soils to either substantiate or refute those results. Th e importance of the Fe effi ciency of varieties is well known, but the importance of available NO 3 − , degree of nodulation, and (presumed) activity of N 2 fi xation on severity of Fe defi ciency has received limited emphasis. Hansen et al. (2004) reported that in the North Central United States there has been a 160% increase in soybean production on high pH, calcareous soils where Fe defi ciency likely can be a problem. During this expansion, soybeans oft en were planted on soils that had never grown soybeans and that had no naturalized population of Bradyrhizobium japonicum. Inoculation failures and high rates of N mineralization during the growing season were commonplace (Wiersma and Orf, 1992) and led producers to question the value of inoculation vs. N fertilization. At that time, producers in the Red River Valley of Northwest Minnesota (NW MN) were advised that as much as 80 kg N ha −1 could be benefi cial (Rehm et al., 1993 (Rehm et al., , 2001 , even on soils capable of mineralizing relatively large (60 kg N ha −1 ) amounts of N each year (Dahnke et al., 1986; Wiersma and Orf, 1992) .
Few issues in soybean production have been as controversial as N fertilization practices (Salvagiotti et al., 2008) . Producers, as well as researchers, are oft en undecided whether at least some N should be applied before or aft er planting. On the other hand, preplant N applications can have a detrimental eff ect on nodule initiation and development, whereas late season N application oft en can reduce N 2 fi xation. Research (J.V. Wiersma, unpublished data, 1991) done in 1991 at two locations in NW MN showed no yield advantage, compared to the mean of 38 strains of Bradyrhizobium japonicum, from applying as much as 270 kg N ha −1 . Lamb et al. (1990) reported similar results from trials done in NW MN and concluded that there was little response to adding N fertilizer at planting, especially when soil nitrate levels in the upper 0.60 m of soil exceeded 90 kg N ha −1 . Both of these studies involved only one, Fe-effi cient cultivar (Wiersma-'Ozzie'; Lamb et al.-'McCall') and neither observed consequential Fe defi ciency. Other research, however, suggests that substantially diff erent results may have been obtained had Fe-ineffi cient, or moderately effi cient varieties been included (Aktas and van Egmond, 1979; Longnecker and Welch, 1990; Zhao and Ling, 2007) . Do the responses to added N fertilizer diff er among Fe-effi cient, moderately effi cient, and ineffi cient varieties when soybean is grown on Fe chlorosis-prone soils?
Presuming that the suggestions listed by Aktas and van Egmond (1979) and Terry and Jolley (1994) reduces nodulation and exacerbates Fe defi ciency, then yield may decrease with more ineffi cient Vs as added NO − 3 increases. With more effi cient Vs, yield actually may increase if N is yield-limiting, as could occur with low soil N and inoculation failure.
MATERIALS AND METHODS
Experiments were conducted at one location [the Northwest Research and Outreach Center (NWROC) at Crookston, MN] for 3 yr (2003, 2004, 2005) on soils where soybean has historically exhibited mild to severe Fe defi ciency. Each year trials were done using calcareous, high pH soils belonging to the soil subgroup, Aeric Calciaquolls. Soil samples were collected from each experimental area and analyzed by Agvise Laboratories, Northwood, ND (Table 1) . Weeds were controlled by hand weeding and application of selected herbicides at rates recommended locally for control of specifi c weed species and intensities. Insect pests and diseases were either absent or considered inconsequential. Temperature and precipitation were recorded at an offi cial National Weather Service station located within 1 km of the experimental areas (Table 2) .
Trials were planted 21, 19, and 23 May during 2003 21, 19, and 23 May during , 2004 21, 19, and 23 May during , and 2005 . A split-plot arrangement of a randomized complete block design with four replications was used each year. Nitrogen rates were whole plots and Vs were subplots. Subplots measured 4 (0.56 m) rows wide by 6.1 m long and were planted at a seeding density of 26 seeds m −1 (46 seeds m −2 ). Th e two middle rows received a 2X rate (1.12 g m −1 ) of B. japonicum strain 61A152 at planting. Six, early maturing (Group 00) Vs were selected to represent Fe effi cient ('MN0302', 'Traill'), moderately Fe effi cient ('Norpro', 'Peterson 0105') and Fe ineffi cient ('Gold Country Seeds 3104', 'World Seeds 2020'). Iron-effi ciency classifi cations were based on personal observations over several years (Wiersma, 2005) .
Six NRs (0, 34, 68, 102, 136, and 170 kg N ha −1 ) were established to provide a relatively wide range of NO 3 − inhibition of Peoples et al., 1989) and relative chlorophyll concentration (SPAD reading) at R2-R3 (Ritchie et al., 1988) ; plant height at R8; and grain yield and yield components. Visual estimates of nodulation were obtained by digging (0.15 m deep, 0.15 m wide) all plants in 1 m of one center row in each plot, washing roots, removing tops, compiling root sections and scoring nodulation. Relative chlorophyll concentration was recorded in late July each year at approximately R2-R3 stages of plant development. SPAD meter (Minolta, Ramsey, NJ) readings were recorded at three locations on the center leafl et of the most recently expanded trifoliolate. Plant height (cm) was recorded at R8 and grain yields were determined aft er harvesting 5.17 m of the two center rows (5.79 m 2 ) with a small-plot combine. Moisture concentration of plot samples was recorded and used to adjust grain yields to a moisture concentration of 130 g kg −1 . Weight per seed was determined by counting and weighing 2000 seeds from samples of grain from each plot, and seed number was calculated from yield and weight per seed.
Data were analyzed using standard procedures for an analysis of variance of a split-plot arrangement of a randomized complete block design (Gomez and Gomez, 1984) . Separate analyses were done for each year, considering NRs and Vs as fi xed eff ects, and a combined analysis across years was completed using PROC MIXED procedures of SAS (Littell et al., 2006) . Blocks and all terms involving blocks were considered random eff ects. In the combined analyses, years were considered fi xed eff ects and as such results from our research, if stringency is required, are applicable primarily to similar NRs, Vs, and Yr that we studied. A series of models was run using PROC MIXED to analyze the mixed nature of the study. A model using PROC MIXED METHOD = TYPE3 was run to assess the signifi cance of random eff ects and interactions involving random eff ects in the model. Other models using PROC MIXED METHOD = REML were compared for improvements in modelfi tting criteria when residual variances were assumed to be homogeneous, when separate variances were fi t for each year, and when separate residual variances were fi t for groups of years and varieties. Th e procedure involved using the REPEATED/GROUP = option of PROC MIXED and the log likelihood ratio test (Littell et al., 2006) . For most variables, we were unable to identify signifi cant (P < 0.05) improvements in model-fi tting criteria, despite using several models. Th e data were further analyzed using contrast and estimate statements. Year contrasts were (Yr1) Most of the response to NR could be described by linear equations and Yr × NR × V interactions were partitioned using products of Yr × NR Linear × V contrasts (Schabenberger and Pierce, 2002) . Estimate statements were evaluated to assess the magnitude and direction of of signifi cant diff erences.
RESULTS AND DISCUSSION
Th e availability of Fe depends on several factors other than an extractable amount in the soil (Cox and Kamprath, 1972; Hansen et al., 2003) . Soil moisture and soil temperature are also considered as parameters involved in chlorosis development (Inskeep and Bloom, 1986; Hansen et al., 2003 Table 3 and best linear unbiased estimates of Yr and V comparisons are presented in Table 4 .
Growing Conditions
Environmental and soil stresses oft en hinder successful nodulation and subsequent N 2 fi xation (Alexander, 1985; Israel et al., 1988) as well as promote Fe defi ciency (Hansen et al., 2003 (Wiersma, 2005 (Wiersma, , 2007 . Although calcareous soils with >4.5 mg kg −1 DTPA-extractable Fe are not expected to show Fe defi ciency (Lindsay and Norvell, 1978) , other factors can infl uence the availability of Fe.
Nodulation, Relative Chlorophyll Concentration, and Plant Height
With one exception, visual nodulation scores and relative chlorophyll concentrations declined linearly as NR increased each year (Table 3) . Generally, adding fertilizer N reduced nodulation score and SPAD readings regardless of V diff erences in Fe effi ciency or yearly diff erences in average daily temperature or total growing season rain (Tables 2 and 3) . As noted by Hansen et al. (2004) , it can be somewhat speculative to suggest that N fertilization causes Fe defi ciency even though Fe defi ciency and reduced nodulation oft en are highly correlated. Variety contrasts oft en were signifi cant (Table 3) , whereas NR-L × V contrasts seldom were statistically signifi cant (Table 3) , indicating that the linear response to added N was the same for all Vs.
Estimates of Yr and V comparisons (Table 4) indicated that every Yr Fe-effi cient Vs had higher visual nodulation scores than the mean of Fe-moderately effi cient and Fe-ineffi cient Vs. Best linear unbiased estimates (Littell et al., 2006) of differences between Yr and V comparisons for nodulation score were usually small and inconsequential, ranging from 2.0 to 3.0 (Table 4) . Diff erences in SPAD readings among Yr and V comparisons were larger and nearly always statistically signifi cant (Table 4) . Although SPAD readings of Fe-effi cient, Fe-moderately effi cient and Fe-ineffi cient Vs all declined with increases in N fertilization (Table 3 ; Fig. 1 ), diff erences between V groupings were much larger than diff erences due to adding Difference -10** -10** -18** -2ns -9** -10** -12** -6* -10** -10** * Signifi cant at the 5% level of probability. ** Signifi cant at the 1% level of probability. † R is the mean of two resistant cultivars, R-1 and R-2. ‡ MR/S is the mean of two moderately resistant cultivars (MR-1 and MR-2) and two susceptible cultivars (S-1 and S-2). § ns, not signifi cant.
N fertilizer (Fig. 1) . Th e magnitude of diff erences among Vs changed somewhat across years; however, Fe-effi cient and moderately effi cient Vs consistently had higher relative chlorophyll readings than Fe-ineffi cient Vs (Table 4) . Plant height varied between Ys and Vs (Table 4) , but more importantly, Fe-inefficient Vs declined dramatically in plant height with increasing NR, whereas Fe-effi cient and moderately effi cient Vs exhibited almost no response to NR (Table 3 ; Fig. 1 ). Although our work could be considered an extension of results from earlier greenhouse/solution culture reports, to the best of our knowledge, results from fi eld research involving a relatively wide range of NRs and Vs similar to ours has not been reported.
Seed Number, Seed Weight, and Grain Yield
Seed number oft en is the primary yield component that responds to treatments designed or acknowledged to infl uence grain yield (Pedersen and Lauer, 2004 and references therein) . Each Yr, we observed signifi cant NR Linear decreases in seed number for Fe-ineffi cient (42%) and moderately effi cient (11%) Vs, but not for Fe-effi cient Vs (Fig. 2) . In fact, increasing NRs had no infl uence on seed number, seed weight, or grain yield of Fe-effi cient Vs, but substantially decreased seed number and grain yield of Fe-ineffi cient Vs. Moderately effi cient Vs responded in an intermediate manner with signifi cant decreases in seed number, but not seed weight or grain yield, in response to increasing NRs.
Small, but statistically signifi cant, diff erences in seed weight among Vs were observed each Yr (Table 3) . Moderately effi cient Vs had higher seed weights than either R or S Vs (Table 4) , whereas NR Linear × V comparisons were markedly diff erent with the cooler, wetter growing conditions in 2004 (Table 3) . Grain yield responses to increasing NRs varied among V groupings (Tables 3 and 4) . Iron-effi cient Vs were unaff ected by increasing NRs, whereas grain yield of MR Vs decreased slightly (11%; P < 0.10) and that of S Vs decreased dramatically (38%; P < 0.05) with increases in NR (Fig. 2) . Th e observation that 24% of the soybean crop in western MN is aff ected by severe chlorosis (Hansen et al., 2003) may be related to applied or carryover N or N mineralization. Other researchers have shown that this reduction can be overcome by adequate Fe nutrition (Aktas and van Egmond, 1979; Assmakopoulou, 2006) , while some have noted similar effi cient/ineffi cient diff erences with other species (Jimenez et al., 2007; Assmakopoulou, 2006) .
Th ere are numerous research reports (Wiersma and Orf, 1992 ; and references therein) that describe the negative infl uence of nitrate on nodulation of Fe-effi cient soybean varieties grown in the absence of Fe defi ciency, that is, adding fertilizer N reduces nodulation, but does not usually reduce grain yield. Results of this study support this general conclusion for Feeffi cient Vs grown on Fe chlorosis-prone soils; however, adding fertilizer N to MR or S Vs grown on chlorosis-prone soils likely will also reduce grain yield.
